Introduction
Within the arid and semi-arid regions, water availability is a major limitation for crop production. The Haouz plain that surrounds the city of Marrakech (Center of Morocco) is classified among regions with scarce water resources (Pascon, 1977) . In recent years, due to the combined effect of drought and the increase of irrigated surfaces, water storage has a g r i c u l t u r a l w a t e r m a n a g e m e n t x x x ( 2 0 0 6 ) x x x -x x x a r t i c l e i n f o Similarity between the seasonal pattern of normalized difference vegetation index (NDVI) and K cb showed potential for modelling NDVI into a K cb . The obtained relationships between K cb and NDVI, and between f c and NDVI could be easily incorporated within the FAO-56 ''dual'' crop coefficient model and, thereby, provide a means to apply remotely sensed observation for real-time wheat irrigation scheduling.
The results obtained were very acceptable especially when the soil evaporation is negligible. Therefore, the K cb -NDVI relationship employed in the FAO-56 ''dual'' crop coefficient model holds great potential for estimating crop water requirements on an operational basis and consumption at a regional scale.
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gradually decreased in this region. The dam that provides water for irrigation is at about 50% of its capacity and the ground water level decreases by about 1 m every year. Consequently, agriculture in this region might be in jeopardy if no sustainable water management is implemented. A better understanding of the water balance is essential for exploring water-saving techniques. One of the most important concepts regarding water balance in semi-arid areas is crop evapotranspiration (ET) which is a key factor for determining proper irrigation scheduling and for improving water use efficiency in irrigated agriculture. Accurate estimation of evapotranspiration constitutes a very important part of irrigation system planning and designing, and accurate spatial determination is crucial to achieving sustainable agriculture.
In Morocco, cereals covered 59% of ploughed areas during the 1990-2000 decade (Karrou, 2003) . Therefore, the monitoring of cereal water needs and consumption is a major challenge for developing a regionally sustainable irrigation strategy. In this regard, the SudMed project (Chehbouni et al., 2003) focuses on integrated water management at the Tensift river basin which include the Haouz plain. In this region, the evaporative demand -around 1600 mm/year according to reference evapotranspiration estimates (Allen et al., 1998) -is very large when compared with rainfall, which is about 240 mm/year.
Substantial advances have been made over the last two decades in improving the understanding of the factors that control ET in water limited zones and consequently a large number of new techniques and methodologies are available for use in irrigation management and/or irrigation Scheduling: when to irrigate the crops and how much water to apply. However, a fundamental requirement for accurate irrigation scheduling is to determine actual crop evapotranspiration (AET) for each day during the growing season. Existing, methods range from simple empirical approaches to more sophisticated, physically based ones. However, for operational purposes, the FAO-56 model is often preferred because it only requires phenological data and standard meteorological parameters while resulting in acceptable AET estimates compared to data and parameter hungry physically-based models (Evett et al., 1995; Kite and Droogers, 2000; Allen, 2000; Eitzinger et al., 2002) . The FAO-56 approach is based on the concepts of combining reference evapotranspiration ET 0 and crop coefficients (K c ). There are two methods used to estimate crop evapotranspiration: the single and the dual crop coefficients. In the single crop coefficient (K c ), the effect of crop transpiration and soil evaporation are combined into a single K c . The dual crop coefficient consists of two coefficients: a basal crop coefficient (K cb ) and a soil evaporation coefficient (K e ). This latter approach is mainly used in research and real-time irrigation scheduling for high frequent water applications (Allen et al., 1998) . There are several reports on the estimation of crop coefficients K c for many crops (e.g. Doorenbos and Pruitt, 1977; Doorenbos and Kassam, 1979; Pruitt et al., 1987; Snyder et al., 1987; Jensen et al., 1990; Allen et al., 1998) . However, there is no simple way to calculate those crop coefficients, as these coefficients are function of climate, soil type, the particular crop and its varieties, irrigation method, soil water, nutrient content and plant phenology (Allen et al., 1998) . Consequently, specific adjustment of crop coefficients in various climatic regions is necessary. Unfortunately, values of K c for winter wheat growing in the Tensift river basin are not currently available.
It has been shown that remotely sensed spectral reflectance may provide an indirect estimate for crop coefficient K c (e.g. Bausch, 1993; Gutman, 1999; Bastiaanssen et al., 2000) . Estimating K c from spectral measurements is possible because K c and vegetation indices are both sensitive to leaf area index and fractional ground cover (Heilman et al., 1982; Neale et al., 1989; Jackson and Huete, 1992; Choudhury et al., 1994; Moran et al., 1995) . Several studies have been specifically dedicated for estimating K c from vegetation indices (VI) (e.g. Normalized Difference Vegetation Index NDVI (Rouse et al., 1974) , Soil Adjusted Vegetation Index (SAVI) (Huete, 1988) ). Jackson et al. (1980) showed a similarity of the seasonal pattern of K c and (VI) for the wheat. Bausch and Neale (1987) and Neale et al. (1989) established relationships between K cb and different vegetation index for the corn in the Colorado. As reported in Hunsaker et al. (2003) , Bausch and Neale (1989) , Bausch (1993 Bausch ( , 1995 futher investigated those relationships and developed some algorithms for irrigation scheduling and for good estimating water use of the corn. Allen and Tasumi (2003) , Er-Raki et al. (2004) and Duchemin et al. (2006) found that the relationship between K c and NDVI for winter wheat is affected by soil evaporation. Hunsaker et al. (2003) obtained two regression relations between basal crop coefficient K cb and NDVI for cotton grown in the Southwestern USA: a linear function of K cb versus NDVI is used to estimate K cb from early vegetative growth to effective full cover, and a multiple regression of K cb as a function of NDVI and cumulative growing degree day (CGDD) is used to estimate K cb after effective full cover is attained. Recently, Duchemin et al. (2006) found a linear relationship between K cb and NDVI with a good accuracy (15%) for winter wheat grown in semi-arid region in central Morocco. As a first application of this relationship in multispectral satellite imagery, 9 km Â 9 km maps of transpiration requirements (K cb ÁET 0 ) was processed from two Landsat7-ETM+ images acquired on the 23rd of January and 31st of March, 2003 . The maps provide with an indication on how the water should be distributed spatially and temporally in order to improve the efficiency of irrigation (Duchemin et al., 2006) .
In the present study, we applied the FAO-56 ''dual'' crop coefficient model to estimate seasonal AET over winter wheat under different irrigation treatments in the semi-arid region of Tensift Al Haouz, Marrakech (center of Morocco). The specific objectives of the study were:
1. To assess the capability of FAO-56 ''dual'' crop coefficient model for providing accurate estimates AET over winter wheat at three contrasted fields using standard K cb values. 2. As the first objective except using locally calibrated values of K cb . 3. To investigate the possibility of deriving K cb from NDVI and to assess the stability of the relationship from field to field. 4. To compare the performances of three methods (above) based on the FAO-56 ''dual'' crop coefficient approach, a g r i c u l t u r a l w a t e r m a n a g e m e n t x x x ( 2 0 0 6 ) x x x -x x x which differ in the estimation of K cb and the fraction of soil surface covered by vegetation f c .
This paper is organized as follows. In Section 2, we provide a theoretical background of the FAO-56 ''dual'' crop coefficient approach. In Section 3, we provide a description of study sites and data collected during 2002-2003 season. Section 4 presents the adaptations of the FAO-56 ''dual'' crop coefficient model. Section 5 presents the results obtained by three methods (NoCalibration, Local-Calibration and NDVI-Calibration), compares their performances, and concludes by discussing the advantage and the limitation associated with each method.
2.
Theoretical background of the FAO-56 ''dual'' crop coefficient approach
The theoretical basis of the FAO-56 model has been discussed in many papers. In this section, we will breifly present the FAO-56 ''dual'' crop coefficient approach. For more details, the reader can refer to a comprehensive review by Allen et al. (1998) . The FAO-56 ''dual'' approach has been extensively used to derive crop evapotranspiration and for irrigation scheduling on an operational basis. It is based on the concepts of reference evapotranspiration ET 0 and crop coefficients K c , which have been introduced to separate the climatic demand from the plant response ET c (Allen et al., 1998) :
where K e represents the component of soil evaporation, K cb is the basal crop coefficient (plant transpiration), which represents the ratio of ET c to ET 0 under a well watered condition with no stress and no soil evaporation. For actual estimates of actual crop evapotranspiration (AET), K cb is adjusted by the water stress coefficient K s :
where K s < 1 for conditions where the soil water is a limiting factor, and K s = 1 when there is no shortage of water. Consequently, three parameters are necessary to determine (AET): K cb , K e and K s .
Calculation of K cb
In the FAO-56 ''dual'' procedures, the K cb curve is divided into four growth stage periods: the initial (l ini ), the development (l dev ), the mid-season (l mid ) and the late season (l late ). In general, the soil evaporation coefficient, K e reaches a maximal value after rainfall or irrigations events and fall to zero when the soil surface is dry and thus no evaporation occurs. Its evalution requires a daily water balance computation for the surface soil evaporation layer of effective depth Z e . The calculation procedure necessitates input of soil parameters such as soil moisture at field capacity (u fc ) and at the wilting point (u wp ), the evaporable water REW, and the depth of Z e (see Section 4 for the calculation of these parameters).
Derivation of K s
Similarly to K e , the estimation of K s requires a daily balance computation for the root zone, Z r . Mean water content at the root zone is expressed through the root zone depletion, D r . At the field capacity, the root zone depletion is zero (D r = 0) and K s = 1 (no stress). Water stress occurs when D r becomes superior to RAW, the depth of readily available water in the root zone. For D r > RAW, K s is given by (Allen et al., 1998) :
where TAW is the total available soil water at the root zone [mm] , and p is the fraction of TAW that a crop can extract from the root zone under no water stress conditions. When D r RAW K s = 1. TAW is derived from the daily crop rooting depth (Z r ) and the u fc and u wp for soil at the rooting depth: TAW = 1000(u fc À u wp )Z r RAW is estimated as: RAW = pTAW The recommended p value is 0.55 for winter wheat when ET c is 5 mm day À1 (FAO-56, Table 22 ). When ET c differed from
, p can be adjusted using the following approximation:
3. Experimental data 3.1.
Region of interest
The experimental site is located in the Haouz plain semi-arid region in the centre of Morocco, 40 km East of Marrakesh city (31868 0 N, 7838 0 W, 550 m above mean sea level) (Fig. 1) . It is an irrigated area managed by the ORMVAH (Office Ré gional de a g r i c u l t u r a l w a t e r m a n a g e m e n t x x x ( 2 0 0 6 ) x x x -x x x
Mise en Valeur Agricole du Haouz) since the year 1999. The area covers 2800 ha and is almost flat. The dominant crops are cereals, more wheat than barley (see Fig. 1 ). The wheat is generally sown between mid November and mid January, depending on climatic conditions and the start of the rainfall season. The climate in the area is typically Mediterranean semiarid, with around 250 mm of average annual rainfall, concentrated mainly from autumn to spring, and an average annual ET 0 of 1600 mm. The soil is very homogeneous; it is poor in organic matter (<2%), with a fine texture (clay to loamy).
In this irrigated area, ORMVAH manages the distribution of water starting from December through May. The frequency and the amount of water for each irrigation are predetermined depending on the dam water level at the beginning of the cropping season without any consideration of the actual soil moisture status. Additionally flood irrigation is the most widely used method in this district.
Field experiments
Three wheat fields (denoted 1, 2 and 3 in Fig. 1 ) were fully equipped with instrument measurements described below (see Duchemin et al. (2006) and Hadria et al. (2005) for full details). All fields were cropped with durum variety wheat (Karim), which has relatively short life cycle. This variety is suitable for semi-arid conditions and commonly used in the Marrakech-Haouz plain (ORMVAH technical documentation, Karrou, 2003) . The studied fields were irrigated by using concrete canals that carry water from the main canal to the irrigated units, which include six fields of 4 ha each (see Fig. 1 ). Table 1 summarizes the sowing and the irrigation dates of the three studied fields. Each field is periodically irrigated by flooding with a mean 30 mm of water regardless of the precipitation and thus soil moisture condition. Fertilizers were applied only in field 1 at the rate of 100 kg/ha of NPK (14-28-14) at the beginning of grain filling phase. Fertilization depends on the economical capability of the owner and the experience of the manager.
Data description
From December 2002 to May 2003, the experiment was carried out on wheat crops to monitor the variables of the surface energy and water balance as well as soil and vegetation data during the entire growing cycle:
Latent heat fluxes and meteorological data
Three eddy covariance (EC) systems were installed over each field to measure the latent heat and sensible heat fluxes (black disks in Fig. 1 ). The eddy covariance system consists of commercially available instrumentation: a 3D sonic anemometer (CSAT3, Campbell Scientific Ltd.) which measured the fluctuations in the wind velocity components and temperature; and an open-path infrared gas analyzer (Li7500, Licor Inc.) which measured concentration of water vapour and carbon dioxide. Raw data were sampled at a rate of 20 Hz and were recorded using CR23X data loggers (Campbell Scientific Ltd.). A detailed description of (EC) measurements in each field can be found in Duchemin et al. (2006) . 44 (between DAS 69 and a g r i c u l t u r a l w a t e r m a n a g e m e n t x x x ( 2 0 0 6 ) x x x -x x x 4 AGWAT-2233; No of Pages 14 (Duchemin et al., 2006) , depending on wind speed. In addition to sensible and latent heat fluxes measurements, 30 min measurements of classical climatic data were collected over a site very close to the fields 1 and 2 (blank triangle in Fig. 1) . A 6-m tower was equipped to measure air temperature and relative humidity using HMP45C, Vaisala; wind speed and direction using an anemometer (A100R anemometer, R.M. Young Company, USA); incoming solar radiation using Kipp & Zonen radiometer (CNR1, Kipp & Zonen, Netherlands), and finally the rainfall using an automatic rain gauge station (FSS500 tipping bucket automatic rain gauge, Campbell Inc., USA).
Additionally, Time Domain Reflectometry (TDR) probes (model CS615; Campbell Scientific, Inc.) have been installed in a soil pit near the fluxes measurement tower to measure soil water content at different soil depths.
Normalized difference vegetation index (NDVI)
On a weekly basis, measurements of canopy reflectances were made using hand-held radiometer (MSR87 MultiSpectral Radiometer, Cropscan Inc., USA) with eight spectral bands. Fifteen sets of canopy reflectance measurements were made between January 8 and May 27 for the fields 1 and 2, and 12 sets of measurements were made between January 16 and May 20 in field 3. Each measurement was taken with the MSR87 sensor 3 m high in a vertical position along several transects every 10 m (see Fig. 1 ). The field-of-view was 288 and the instrument sampled an elementary area of around 2 m 2 each time. Wood markers were installed in the fields to allow the observations to be made at the same place each time (bold solid lines in Fig. 1 ). The average values of NDVI were computed, field by field, from the elementary measurements. Reflectance values centred on red (r red , 0.63-0.69 mm) and near infrared (r PIR , 0.76-0.90 mm) bands are used to obtain the normalized difference vegetation index values NDVI (Rouse et al., 1974) :
It worth to mention that this radiometer has been successfully inter-calibrated with ASD (Analytical Spectral Device) before the start of the growing season of 2002-2003.
Fraction of soil surface covered by vegetation f c
A hemispherical canopy photo apparatus equipped with a fisheye lens with a field-of-view of 1838 (Nikon Coolpix 950 1 with a FC-E8 fish-eye lens converter) was used to obtain f c . This technique has been widely used on forests to provide information on position, size, density, and distribution of canopy gaps (e.g. Van Gardingen et al., 1999; Englund et al., 2000; Sibernagel and Moeur, 2001; Hale and Edwards, 2002; Jonckheere et al., 2003) . It was adapted here by taking photos above wheat canopy and using colour threshold to separate the soil from vegetation. The threshold was constant and applied on a green index computed as the ratio of the difference to the sum of the red and the green bands. This allowed obtaining binary soil/vegetation images from which the fraction of surface covered by vegetation is derived as the percentage detected as vegetation considering a view zenith angle lower than 78 (practically nadir).
4.
Adaptation of the FAO-56 ''dual'' crop coefficient procedure
The FAO-56 ''dual'' crop coefficient approach was provided in Section 2; refer to Allen et al. (1998) for full details.
The FAO-56 ''dual'' crop coefficient approach is driven by meteorological forcing parameters, such as air temperature, air humidity, wind speed and solar radiation to calculate reference evapotranspiration ET 0 .
The reference evapotranspiration, ET 0 , was calculated according to the FAO Penman-Monteith equation (Allen et al., 1998) . For daily calculation time steps, the equation is:
where ET 0 expressed in (mm day (Allen et al., 1994a (Allen et al., ,b, 1998 or (Smith et al., 1991) . Fig. 2 shows the seasonal variations of the reference evapotranspiration ET 0 of well-watered grass calculated by Eq. (1) for the meteorological forcing parameters collected over our study site. The ET 0 pattern is characteristic of semi-arid continental climates. The mean value of ET 0 during the growing season (between January and May) is 3.6 mm day Additional surface characteristics (see below), including soil texture (% clay, % sand and % loam), root depth Z r , Z e , and vegetation parameters such as K cb at three different stages of growth, f c and the vegetation height (h) are also needed.
Soil parameters
Soil parameters required to determine daily K e include the soil moisture at field capacity (u fc ) and wilting point (u wp ), the a g r i c u l t u r a l w a t e r m a n a g e m e n t x x x ( 2 0 0 6 ) x x x -x x x readily evaporable water REW, and the depth of Z e . For the site soil texture (47% of clay, 33% of loam and 18.5% of sandy), Allen et al. (1998) We see that the values of u fc and u wp obtained by both models are in the range given by Allen et al. (1998) , but the value of u wp given by Wosten (1997) was found to be inconsistent with the minimum observed water content in the root zone. Based on these considerations, the Wosten et al. (1999) model was adopted for our type of soil: an average value of 0.32 m 3 m
À3
for u fc and of 0.17 m 3 m À3 for u wp was adopted in this study.
For the depth of soil surface evaporation layer Z e (m), Allen et al. (1998) suggests that the value was between 0.10 and 0.15 mm. The value of Z e = 0.1 m is used in the calculations. A typical REW value for a silt clay loam soil of 9 mm (FAO-56, Table 19 ) was used in the calculations.
Plant parameters
The main plant parameters needed to run the FAO-56 dual crop coefficient model are: the lengths of growing stages (l ini , l dev , l mid , l late ), the values of basal crop coefficient (K cbini , K cbmid and K cbend ) at three crop growth stages (initial, midseason and maturity respectively), f c , the height of vegetation and the rooting depth Z r . In our study, it was assumed that Z r varies between a minimum value (maintained during the initial crop growth stage) and a maximum value (reached at the beginning of the mid-season stage). The minimum rooting depth is the effective rooting depth during the initial stage from which the germinating seed can extract water. A minimum rooting depth of 0.1 m is considered. The maximum rooting depth was measured and found equal to 0.5, 0.52 and 0.55 m for fields 1, 2 and 3, respectively. The height of vegetation was measured weekly using the graduated ruler. Other vegetation parameters (l ini , l dev , l mid , l late , K cbini , K cbmid , K sbend and f c ) were determined according to the method used. As described previously, our approach consisted of using three methods based on FAO-56 ''dual'' crop coefficient which only differ in the method used to estimate K cb and f c . In the first ''No-Calibration'' method, we used K cb given in FAO-56 tables, and f c calculated from K cb . In the second ''Local-Calibration'' approach, these parameters are locally derived from field observations. The third method ''NDVICalibration'' consists of establishing relationships between K cb and f c and ground based measurements of NDVI. The derived relationships between K cb and NDVI, and between f c and NDVI are described in the following paragraph.
4.3.
K cb -NDVI and f c -NDVI relationships A relationship between K cb and NDVI can be established under conditions when, first, the soil surface layer is dry and, second, the soil water within the root zone is adequate to sustain full plant transpiration (non-stressed conditions). In this context, an exponential function between (NDVI) and leaf area index (LAI) has been established by Duchemin et al. (2006) :
where NDVI min and NDVI max are the minimum and the maximum values of NDVI associated with bare soil and dense vegetation, respectively. The values 0.14 and 0.93 are used here. Similarly, an exponential relationship between K cb and LAI has been established (Duchemin et al., 2006) :
Eqs. (6) and (7) can be combined by eliminating LAI to obtain the following relationship between K cb and NDVI:
Derived f c from hemispheric photos were approximated by a linear function of NDVI as illustrated in Fig. 3 :
Plotting the values of f c estimated from this last equation against the ones derived from hemispheric photos (data not presented here) revealed a quasi-perfect agreement. The values of root mean square error (RMSE), the efficiency (E) and the mean bias error (MBE) were respectively 0.10, 0.88 and 0.03.
Results and discussions
Before discussing the performance of each method for estimating wheat evapotranspiration, the difference between parameters used by each method are explicitly reported. Table 2 summarized the parameters used to calculate AET using the FAO-56 ''dual'' crop coefficient model for three methods mentioned above. The main differences a g r i c u l t u r a l w a t e r m a n a g e m e n t x x x ( 2 0 0 6 ) x x x -x x x 6 AGWAT-2233; No of Pages 14 among the three methods are the approach used to derive K cb and f c . The values of basal crop coefficient (K cbini , K cbmid and K cbend ) at three crop growth stages used by NoCalibration method were taken from Table 17 in Allen et al. (1998) and f c was estimated as a function of basal crop coefficient (Eq. (76) in Allen et al., 1998) . Local-Calibration method used a locally derived basal crop coefficient K cb and f c based on field measurements. NDVI-Calibration method used K cb and f c derived from ground measured NDVI. As shown in Table 2 the total length of growth stages (initial, mid-season and maturity) derived locally were found to be shorter to those provided in Table 11 -FAO-56 (Allen et al., 1998) . This is due to the fact that the fields were cropped with a short duration wheat variety which is more adapted to the semi-arid conditions of the Haouz plain. The length of crop development stages vary from field to field. This is due to the difference of the date of sowing among the three fields.
Figs. 4 and 5 respectively show the time course of f c and K cb used by different methods and for three fields. The derived green cover from hemispheric photograph (LocalCalibration) or from NDVI (NDVI-Calibration) was also plotted in Fig. 4 . During the initial stage, the values of f c estimated by No-Calibration method were equal to 0 for all fields, this is can be expected since the K cb at this stage has the same value than the minimum crop coefficient used for annual crops under nearly bare soil conditions (Eq. (76) in Allen et al., 1998) . It can be seen in Fig. 4 that the maximum value of f c varies from method to method and from field to field. For Local-Calibration method for example, it was equal to 0.82, 0.72 and 0.94 for fields 1, 2 and 3, respectively. This is could be explained by the differences in agricultural practices of each field (sowing date, irrigation water and fertilization).
6.
Application of the FAO-56 ''dual'' crop coefficient model without calibration: NoCalibration method
We simulate the time course of AET using the FAO-56 ''dual'' crop coefficient approach over winter wheat using a g r i c u l t u r a l w a t e r m a n a g e m e n t x x x ( 2 0 0 6 ) x x x -x x x 7 AGWAT-2233; No of Pages 14 Fig. 3 -f c -NDVI relationship. The values of f c are derived from hemispherical photos taking at nadir of the crop. NDVI are derived from spectral reflectance measurements using the hand-held MSR87 radiometer. Table 2 -Summary of the main parameters used to simulate the FAO-56 ''dual'' crop coefficient model (Allen et al., 1998) the parameters given in the FAO-56 tables. Table 2 Comparison between observed and simulated AET using the No-Calibration method for three fields of study is presented in Fig. 6 (figures in left) . According to this figure, the FAO-56 ''dual'' crop coefficient approach gives acceptable results over field 1, however the performance of the model is poor over fields 2 and 3 (see statistical analysis in Table 3 , equations used are provided in Appendix A). There are several reasons to explain such poor behaviour.
The model tends to overestimates AET value at the midseason stage. The value of K cb at this stage may not appropriate. The eddy correlation system measures the evapotranspiration over a relatively large area (wet and dry) whereas the model simulates it locally. This is due to the heterogeneous irrigation (flooding technique) and the partially a g r i c u l t u r a l w a t e r m a n a g e m e n t x x x ( 2 0 0 6 ) x x x -x x x 8 AGWAT-2233; No of Pages 14 and NDVI-Calibration (solid lines) methods for three fields of study: fields 1, 2 and 3. Measured green cover (circles) by hemispheric photograph and derived green cover (lozenge) from measured NDVI were plotted. Note that as soon as f c reached their maximum, it takes equal this maximum value and remains constant.
wetted area can be present in the flux source area measured by eddy covariance, depending on wind speed and direction. This can be clearly seen between DAS 25 and DAS 30 in Fig. 6 for field 2. The model might not simulate correctly the water stress coefficient K s , this is clear after DAS 110 for field 2 and in between DAS 105 and DAS 111 for field 3 when simulated AET decreases rapidly. Based on these findings, attention should be paid to the possible effect on simulation of AET by applying the FAO-56 ''dual'' crop coefficient approach without calibration. Although this approach (Allen et al., 1998 ) is often preferred to calculate crop water requirements and for irrigation scheduling due to its simplicity and thus its applicability for operational purposes, it tends to overestimates AET at midseason stage by about 16%, 10% and 17% for fields 1, 2 and 3, respectively. This overestimation is much higher than that reported in Allen (1999) when he applied the FAO-56 dual procedure to a 200,000 ha irrigation project in California (overestimation of 6%).
It is therefore not cautious to apply the FAO-56 dual approach without local calibration, this may lead to significant uncertainties in estimating water need and consumption and thus crop yield. 
7.
Calibration and validation of the FAO-56 ''dual'' crop coefficient model: Local-Calibration method
The FAO-56 ''dual'' crop coefficient model was first calibrated over field 1 and then validated over fields 2 and 3. In addition to soil parameters, some plant parameters were also calibrated. The main parameter is the value of K cbmid at the mid-season stage. The calibration was performed manually based on the combination of parameters that provide the best efficiency between measured and simulated AET. The results presented in Table 2 show that the values of the calibrated parameters are within the range given in Allen et al. (1998) . The K cb value at the mid-season stage was found to be considerably less than the FAO-56 recommended K cb value. The value of K cbmid is only 0.90 while that given in FAO-56 manual is 1.1. This reduction in K cbmid value suggests that the crop is not growing in optimal conditions. This is due to stresses induced by shortage of water and nitrogen which affect the growth of wheat (Bandyopadhyay and Mallick, 2003) .
The comparison between measured and estimated AET by the ''dual'' crop coefficient after the calibration procedure shows good agreements between observed and simulated AET values (Fig. 6) (figure in the middle for field 1) . The root mean square error (RMSE) and the efficiency (E) between measured and simulated AET values were respectively about 0.45 mm day À1 and 0.79 after calibration while the corresponding statistics without calibration were 0.74 mm day
À1
and 0.44. Additional statistical results are presented in Table 3 .
Model validation
In this section, we present the performance of the simulations obtained after calibration of the FAO-56 ''dual'' crop coefficient model on field evapotranspiration measurements over fields 2 and 3. Fig. 6 (figures in the middle for fields 2 and 3) illustrate, respectively, the time course of measured and simulate AET by the FAO-56 ''dual'' model for fields 2 and 3, respectively. Obviously, actual evapotranspiration appears better reproduced for both fields after the Local-Calibration method. The efficiency (E) between measured and simulated AET values for fields 2 and 3 were respectively about 0.17 and 0.44 after calibration while they were À0.11 and À0.09 before. The additional statistical results presented in Table 3 confirm this clear improvement in the simulation of AET. However, some discrepancies between measured and simulated AET can still be seen. Particularly, after 2 days of the first irrigation in field 2, the model gives the low AET values while those provided by the eddy correlation system were relatively larger (DAS 25 to DAS 30). This behaviour might be explained by the heterogeneity of the soil moisture due the irrigation method (flooding irrigation). In fact, the eddy correlation system which capture the flux emanating from a larger area (footprint) than that simulated by the model. Another factor that may partly explain some of the difference between measured and simulated AET values is the crop stress. This is can be seen after DAS 111 for field 2 and between DAS 104 and DAS 112 for field 3 (Fig. 6 ). This could be explained by the misrepresentation of the rooting depth which directly influence the ability of the plant to extract water. In fact, the rooting depth Z r was assumed to vary between a minimum value (maintained during the initial crop growth stage at 0.1 m) and a maximum value (reached at the beginning of the mid-season stage). The root density of wheat is generally larger near the soil surface and declines with increase of depth (SCS, 1991) and the extraction of water occurs in the zone of the largest root concentration. At the end of growing season, the model underestimates AET. A possible explanation here could be the contribution of deep soil layer in the evaporate water through capillarity rising which not taken into account by the model. To successfully take into account the physical process involved in the exchange processes one could use models like SWIM (soil water infiltration and movement, Ross, 1990) or SiSPAT (simple soil plant atmosphere, Braud et al., 1995) . However, these models require many more parameters than FAO-56, and therefore difficult to operationally in the large area. Nevertheless, this type of models can be useful to improve some the parameterisation used in FAO-56 but this is out of the scope of the present study. a g r i c u l t u r a l w a t e r m a n a g e m e n t x x x ( 2 0 0 6 ) x x x -x x x 10 AGWAT-2233; No of Pages 14 
8.
Integration of remote sensing in the FAO-56 ''dual'' crop coefficient model to crop water requirements: ''NDVI-Calibration'' method
In order to avoid the necessity of calibrating FAO-56 method over each study area, which greatly limits its operational utilization, we investigated how remote sensing data can be used to derive some key parameters. To achieve this, relationships between NDVI and K cb and NDVI and f c were incorporated within the FAO-56 ''dual'' crop coefficient model, with linear established relationships between K cb and NDVI and f c and NDVI (see Eqs. (4) and (5)). The use of f c and K cb by NDVI-Calibration method were plotted in Figs. 4 and 5, respectively. During the initial stage, the values of f c and K cb were 0 for all fields, this is because the values of NDVI at this stage were assumed to be equal to the NDVI min (see Eqs. (8) and (9)). It can be seen in Fig. 4 that the maximum value of f c varies between fields. It was 0.78, 0.67 and 0.88 for fields 1, 2 and 3, respectively. Similarly, the maximum value of K cb also varies from field to field; being 1.01, 0.92 and 1.05 for fields 1, 2 and 3, respectively (Fig. 5) . This difference reflects the status, the vigour and the amount of vegetation in each field.
Comparison between observed and simulated AET by NDVI-Calibration method for three fields of study is presented in Fig. 6 (figures in right) . According to these figures, the actual evapotranspiration appears well reproduced by this method over field 1. The (RMSE) and the (E) between measured and simulated AET values were respectively about 0.51 mm day À1 and 0.73. For fields 2 and 3, AET was not very well reproduced by the model (see statistical parameters in Table 3 ). At the initial stage, the model underestimates evapotranspiration over field 2 from DAS 25 to DAS 30 in Fig. 6 because the values of K cb was 0 and soil evaporation was poorly simulated. Based on the results obtained in the above section (Local-Calibration method), this poor performance can be explained by the error associated with the linear relationships NDVI-f c and NDVI-K cb over fields 2 and 3.
Comparison between three methods in terms of estimates of evaporation and transpiration
In addition to the fact that the ''dual'' crop coefficient approach allowed to incorporate remote sensing of K cb into the method which is not possible with a ''single'' crop coefficient approach, the ''dual'' crop coefficient approach allowed to separately estimate the contributions of the soil and of the vegetation to AET. In this paragraph, we will compare the simulated AET using three methods based on the FAO-56 ''dual'' crop coefficient model and to explain their differences in terms of the way that components evapotransipration are computed. Table 4 shows simulated cumulative AET and its components (soil evaporation and crop transpiration) for each field a g r i c u l t u r a l w a t e r m a n a g e m e n t x x x ( 2 0 0 6 ) x x x -x x x 11 AGWAT-2233; No of Pages 14 figure. Note that for field 3, the soil moisture at the root zone (big triangles) was measured with gravimetric technique.
(1, 2, and 3) using three methods based on the FAO-56 ''dual'' crop coefficient model. As it can be seen in this table, the difference in the values of estimated AET by different methods is a consequence of the difference between the simulated values of soil evaporation and plant transpiration. Regarding the soil evaporation, it was different from method to method and from field to field (Table 4) . The difference in soil evaporation between different methods is due to the fraction of soil surface covered by vegetation f c and the basal crop coefficient K cb according to Eq. (71) in Allen et al. (1998) . The variability of soil evaporation between three fields is also due to the irrigation management. Concerning plant transpiration, it was also different between the three fields, as a result of the differences of length of growing season and on irrigation management. The simulated cumulative transpiration when using LocalCalibration method is about 30 mm lower than that estimated by No-Calibration one. As expected, the transpiration differences regarding both methods were due to the values of basal crop coefficients at mid-season, which were reduced from 1.1 to 0.9. Again, the estimated daily values of K cb based on NDVI measurements (NDVI-Calibration) were set to 0 at the initial stage. This leads to a difference in transpiration estimates according the method used. Another factor that affects plant transpiration is the soil water stress coefficient K s . Fig. 7 shows the estimated daily soil water stress coefficient K s by FAO-56 ''dual'' crop coefficient used three methods for each field of study. The measured soil moisture at the root zone is also shown in the same figure. The estimated K s varies from field to field and from method to method. The soil water stress coefficient, K s , changes from 0 to 1 according to Eq. (3) and it depends on the soil water depletion linked to water supply (rainfall or irrigation). The diminution of K s may be attributed to the increase in water depletion at the root zone through a removal of water by transpiration and percolation losses that induced stress condition and diminution of soil moisture at the root zone.
It can be seen that the estimated soil water stress coefficient K s is not identical for the three methods although the water supply is similar. This difference is a consequence of the soil depletion factor p that depends on ET c (Eq. (4)) which depends on basal crop coefficient. The adjustment of soil depletion factor p with high or low values of ET c provides an underestimation or overestimation of water stress coefficient K s . The overestimation of K s estimated by NDVI-Calibration method can be clearly seen after DAS 135 for field 3 in Fig. 7 when the values of K s remains high.
Conclusions
The main objective of this study is to test three methods for estimating seasonal AET over winter wheat under different irrigation treatments in semi-arid region Tensift AlHaouz, Marrakech province, south Morocco. All of those methods are based on the FAO-56 ''dual'' crop coefficient approach, but they differ in the method used to estimate K cb and f c . The first approach (No-Calibration) uses K cb given in tables FAO-56, and f c is calculated from K cb . The second method (Local-Calibration) uses a locally derived K cb and f c based on field measurements, with the last approach (NDVI-Calibration) uses a ground based remotely-sensed vegetation indices to estimate K cb and f c . The results showed that the FAO-56 ''dual'' crop coefficient approach was unable to accurately estimate crop evapotranspiration using parameters values provided by FAO-56. An application of this model required some local adaptation (local calibration). For instance, the basal crop coefficient at the mid-season was found to be 0.9 which is considerably lower than the value of 1.1 recommended in FAO-56. This reduction was about 18% which indicates that the wheat was not growing in optimal condition.
Consequently, the performances of AET simulations were very different according to the used methods. It was shown that the locally derived K cb and f c based on field measurements gives good results, but some differences between measured and estimated AET appear when the stress and soil evaporation occurred. The differences in AET estimates are explained by two-fold: (1) the difference in soil evaporation due to the fraction of soil surface covered by vegetation f c and the basal crop coefficient, and (2) the difference in plant transpiration due to basal crop coefficient K cb and soil stress coefficient K s .
The similarity between seasonal patterns of NDVI and K cb showed potential for establishing relationships between NDVI and K cb and f c , relationships which have been incorporated into the FAO-56 ''dual'' crop coefficient model and have yielded highly satisfactory results, especially when the soil evaporation is negligible. Therefore, the K cb -NDVI relationship employed in the FAO-56 ''dual'' crop coefficient model provide a great potential for estimating at an operational basis crop water requirements and consumption at a regional scale.
Having compared estimated AET by different methods and measured AET by eddy correlation system, we conclude that the Local-Calibration method gives the estimation of AET. To reduce errors when using the FAO-56 ''dual'' crop coefficient model, accurate estimates of K cb and f c are necessary.
Finally, it should be noted that all the observations that have been used to calibrate and validate the FAO-56 dual crop coefficient approach are derived from three fields datasets acquired on irrigated wheat crops with a particular environment (soil and climate). In order to deliver detailed spatial and temporal information regarding soil and crop response (evapotranspiration) to varied management practices and dynamic environmental conditions, and to avoid the timeconsuming process of calibrating the FAO-56 method over each field, the use of remote sensing data would be necessary.
